Nonalcoholic fatty liver disease (NAFLD), characterized by excessive fat accumulation in liver, is prevalent in obesity. Genetic factors that link obesity to NAFLD remain obscure. Apolipoprotein C3 (APOC3) is a lipid-binding protein with a pivotal role in triglyceride metabolism. Humans with APOC3 gain-of-function mutations and mice with APOC3 overproduction are associated with hypertriglyceridemia. Nonetheless, it remains controversial whether APOC3 is culpable for diet-induced NAFLD. To address this fundamental issue, we fed APOC3-transgenic and wild-type littermates a high fructose diet or high fat diet, followed by determination of the effect of APOC3 on hepatic lipid metabolism and inflammation and the progression of NAFLD. To gain mechanistic insight into NAFLD, we determined the impact of APOC3 on hepatic triglyceride synthesis and secretion versus fatty acid oxidation. APOC3-transgenic mice were hypertriglyceridemic, culminating in marked elevation of triglycerides, cholesterols, and nonesterified fatty acids in plasma. Despite the prevailing hypertriglyceridemia, APOC3-transgenic mice, relative to wild-type littermates, had similar weight gain and hepatic lipid content without alterations in hepatic expression of key genes involved in triglyceride synthesis and secretion and fatty acid oxidation. APOC3-transgenic and wild-type mice had similar Kupffer cell content without alterations in hepatic expression of pro-and anti-inflammatory cytokines. APOC3 neither exacerbated dietinduced adiposity nor aggravated the degree of steatosis in high fructose or high fat-fed APOC3-transgenic mice. These effects ensued independently of weight gain even after 10-month high fat feeding. We concluded that APOC3, whose dysregulation is liable for hypertriglyceridemia, is not a predisposing factor for linking overnutrition to NAFLD in obesity.
Nonalcoholic fatty liver disease (NAFLD) 4 is characterized by excessive lipid deposition in the liver of subjects with little alcohol consumption. Patients with NAFLD are at heightened risk of developing steatohepatitis with potential complications of fibrosis and cirrhosis (1) (2) (3) (4) . Currently, NAFLD affects about 30% of the general population, and its prevalence is increasing along with the rising epidemic of obesity in both adults and children (1, (5) (6) (7) (8) (9) (10) . Although it is known that NAFLD results from increased lipogenesis and decreased fatty acid oxidation in the liver, accompanied often by hepatic overproduction of TG-rich very low density lipoprotein (VLDL-TG), genetic factors that tip the balance of these three intertwining pathways in hepatic lipid metabolism at the expense of NAFLD are incompletely characterized.
Apolipoprotein C3 (APOC3) (79 amino acids in length) is one of the most abundant apolipoproteins in the blood, where it is present as an exchangeable moiety between high density lipoproteins (HDLs) and triglyceride (TG)-rich particles, such as VLDL and chylomicrons (11) . Secreted mainly from the liver and to a lesser extent from the intestine, APOC3 impacts TG metabolism via multiple mechanisms. APOC3 functions as an inhibitor of lipoprotein lipase (LPL) and hepatic lipase (HL), key enzymes responsible for the hydrolysis of TG in VLDL and chylomicrons in the post-absorption phase (12) (13) (14) . Elevated APOC3 levels also perturb hepatic uptake and clearance of TGrich lipoprotein remnants (15, 16) . This action is mediated by the low density lipoprotein (LDL) family receptors independently of LPL (17) . Apart from its extracellular functions, APOC3 plays an intracellular role in promoting VLDL-TG secretion from the liver (18 -21) . As a result, elevated plasma APOC3 levels are associated with increased hepatic VLDL-TG production and decreased systemic clearance of TG-rich lipoproteins, contributing to the development of hypertriglyceridemia. Indeed, APOC3 transgenic mice manifest chronic hypertriglyceridemia after birth (22) . Conversely, APOC3 deficiency is associated with enhanced TG hydrolysis and clearance, contributing to hypotriglyceridemia in APOC3 knockout mice (23) (24) (25) . Likewise, human subjects with APOC3 loss-of-function mutations are associated with decreased plasma TG levels and reduced risk of coronary artery disease (26 -28) . Antisense oligonucleotide-mediated reduction of plasma APOC3 levels results in significantly lower plasma TG levels in nonhuman primates as well as patients with familial chylomicronemia (29, 30) . Taken together, these data have revealed a causal relationship between APOC3 overproduction and hypertriglyceridemia, validating APOC3 as a potential target for the development of anti-hypertriglyceridemia therapy for lowering the cardiovascular risk (31, 32) .
Nevertheless, it remains controversial as to whether APOC3 is a predisposing factor for NAFLD. Petersen et al. (33) report that human subjects with genetic variants (C-482T or T-455C) within the APOC3 promoter region are at increased risk of developing NAFLD. Lee et al. (34) demonstrate that APOC3transgenic mice develop mild steatosis in response to high fat feeding. In contrast, Kozlitina et al. (35) report that neither of these two APOC3 variants (C-482T and T-455C) is associated with NAFLD in humans, although both alleles are associated with hypertriglyceridemia. This latter observation was supported by three independent clinical studies showing that carriers of either or both of the two APOC3 alleles (C-482T and T-455C) are not associated with NAFLD (36 -38) . Added to this controversy is the study by Duivenvoorden et al. (39) , who show that APOC3 knock-out mice are susceptible to developing diet-induced obesity with a concomitant induction of NAFLD. However, this observation was contradicted by clinical studies, in which humans with APOC3 loss-of-function alleles are associated with decreased plasma TG levels but not with increased susceptibility to developing steatosis (26 -28) . Thus, it remains controversial whether APOC3 is an independent risk factor for NAFLD. To address this controversy, we fed APOC3 transgenic (APOC3-tg) mice and age/sex-matched wild-type (WT) littermates for 4 months a high fructose diet and separately a high fat diet, two feeding conditions that are both deleterious to hepatic lipid metabolism. High fructose consumption induces steatosis without inducing excessive weight gain, whereas high fat feeding elicits steatosis with the induction of obesity. To consolidate our findings, we prolonged high fat feeding of APOC3-tg and WT littermates for up to 10 months. Our goal is to answer the longstanding question as to whether APOC3 is a predisposing factor for exacerbating the development of NAFLD in diet-induced obesity.
Results

Effect of APOC3 on the Pathogenesis of NAFLD in APOC3-tg
Mice-To determine the effect of APOC3 on hepatic lipid metabolism, we monitored APOC3-tg and age/sex-matched WT littermates (n ϭ 8/group) on regular chow for up to 28 weeks. APOC3-tg mice, as opposed to WT littermates, exhibited significantly elevated plasma levels of TG, cholesterol, and non-esterified fatty acid (NEFA), characteristic of hypertriglyceridemia (supplemental Table 1 ). This pro-atherogenic lipid profile was reproduced in both male and female APOC3-tg mice, independently of body weight. To determine the contribution of APOC3 to NAFLD, we euthanized APOC3-tg and WT littermates at 28 weeks of age, followed by the determination of hepatic TG and cholesterol contents. APOC3-tg and WT littermates had similar hepatic levels of TG and cholester-ols, regardless of sex (supplemental Table 1 ). Because both male and female APOC3-tg mice had similar phenotypes in terms of plasma and hepatic TG metabolism, we chose male APOC3-tg mice for further characterization.
Does High Fructose Feeding Exacerbate NAFLD in APOC3-tg Mice?-Excessive fructose consumption, which is deleterious to hepatic lipid metabolism, is considered an independent risk factor of NAFLD in animal models and human subjects (6, 40 -44) . We hypothesized that APOC3 transgenic production would compound the effect of high fructose consumption on steatosis. To address this hypothesis, we fed APOC3-tg and WT littermates (male, n ϭ 8/group) a high fructose diet for 16 weeks. When compared with WT littermates, APOC3-tg mice maintained similar weight gain but exhibited markedly elevated plasma levels of TG, cholesterols, and NEFA (Table 1) . APOC3-tg and WT mice were euthanized after 16 weeks of high fructose feeding, followed by the quantification of hepatic lipid content. APOC3-tg and WT mice had similar hepatic TG and cholesterol contents ( Table 1) .
Impact of APOC3 on Hepatic Lipid Metabolism in APOC3-tg Mice on High Fat Diet-To address the hypothesis that APOC3 transgenic production would aggravate high fat-elicited steatosis, we fed APOC3-tg and WT littermates (male, 8 weeks old, n ϭ 8/group) a high fat diet for 16 weeks. When compared with WT littermates, APOC3-tg mice maintained similar weight gain ( Fig. 1A ) but exhibited markedly elevated plasma levels of TG ( Fig. 1B) , cholesterols (Fig. 1C ), and NEFA ( Fig. 1D ). APOC3-tg mice, as opposed to WT controls, had milk-like serum (Fig. 1E ). To determine postprandial TG clearance, we performed a fat tolerance test. APOC3-tg mice were associated with impaired fat tolerance, as evidenced by markedly elevated plasma TG profiles in response to an oral bolus of olive oil ( Fig.  1F ). To determine the effect of APOC3 on hepatic VLDL-TG production, we determined hepatic VLDL-TG production in APOC3-tg versus WT mice, using tyloxapol to inhibit systemic TG clearance, as described (45, 46) . APOC3-tg mice had significantly higher plasma TG levels at all time points after tyloxapol administration ( Fig. 1G ). This effect correlated with a 2-fold induction in the rate of hepatic VLDL-TG secretion in APOC3-tg versus WT littermates ( Fig. 1H ). After 16 weeks of high fat feeding, we euthanized APOC3-tg and WT mice. Liver tissues were procured for the quantification of hepatic lipid content. APOC3-tg and WT mice had similar hepatic TG ( Fig.  1I ) and cholesterol contents ( Fig. 1J ). Does High Fat Feeding Aggravate NAFLD in APOC3-tg Mice?-We presumed that the lack of association between APOC3 and steatosis in APOC3-tg mice might be due to the relatively short duration of high fat feeding (16 weeks). To address this possibility, we fed APOC3-tg and WT littermates (male, 6 weeks old, n ϭ 17/group) a high fat diet for 10 months. APOC3-tg and WT littermates had an equivalent weight gain over time and become morbidly obese after 10 months of high fat feeding ( Fig. 2A ). APOC3-tg and WT littermates had a similar fat versus lean mass distribution ( Fig. 2B ). When compared with WT littermates, APOC3-tg mice had significantly elevated plasma TG (Fig. 2C ), cholesterol (Fig. 2D ), and NEFA levels ( Fig. 2E ). To determine the effect of APOC3 on lipoprotein metabolism in fat-induced obesity, we subjected sera from obese APOC3-tg versus WT littermates to gel filtration col-umn chromatography for the fractionation of lipoproteins. APOC3-tg mice, as opposed to WT controls, had markedly higher levels of VLDL-TG particles ( Fig. 2F ), consistent with APOC3-mediated induction of hepatic VLDL-TG production and retardation in systemic VLDL-TG clearance. Furthermore, APOC3-tg mice had higher VLDL-cholesterol and LDL-cholesterol levels, accompanied by lower HDL-cholesterol levels ( Fig. 2G ), characteristic of pro-atherogenic lipoprotein profiles.
To assess the effect of APOC3 on lipid excretion, we determined fecal TG and cholesterol levels. No significant differences in fecal TG and cholesterol contents during a 24-h period were detected between APOC3-tg and WT mice (Fig. 2 , H and I).
To determine APOC3 contribution to steatosis, we euthanized APOC3-tg and WT littermates after 10 months of high FIGURE 1 . TG metabolism in APOC3-tg mice after 4 months of high fat feeding. APOC3-tg and WT littermates (male, 8 weeks old, n ϭ 8/group) were fed a high fat diet for 4 months, followed by the determination of TG metabolism. A, body weight; B, plasma TG levels; C, plasma cholesterol levels; D, plasma NEFA levels. Plasma TG, cholesterol, and NEFA levels were determined in mice after 16 h of fasting. E, sera of APOC3-tg and WT littermates. Sera in capillary tubes were visualized under light. F, fat tolerance test. G, hepatic VLDL-TG production. H, rates of hepatic VLDL-TG production. Hepatic VLDL-TG production rates, defined as mg of TG/g of body weight/h, were calculated from the data in G. I, hepatic TG content. J, hepatic cholesterol content. *, p Ͻ 0.05; **, p Ͻ 0.001 versus WT. Error bars, S.E. fat feeding. Liver tissues were procured for histological examination after staining with Oil Red O and H&E ( Fig. 3 , A-D). As expected, chronic high fat feeding resulted in significant fat accumulation in the liver. Nonetheless, APOC3-tg and WT littermates had similar degrees of fat infiltration into the liver. To corroborate these findings, we quantified hepatic lipid content, demonstrating that APOC3-tg and WT littermates had similar excessive fat deposition ( Fig. 3E ), accompanied by similar hepatic cholesterol content in the liver (Fig. 3F ).
To gain mechanistic insight into the lack of association between APOC3 and steatosis, we profiled hepatic expression of key functions involved in VLDL-TG production, lipogenesis, and fatty acid oxidation, three independent pathways in hepatic lipid metabolism ( Fig. 3G ). We did not detect significant differ-ences between APOC3-tg and WT littermates in hepatic mRNA levels of apob (apolipoprotein B) and mttp (microsomal triglyceride transfer protein), two genes involved in hepatic VLDL-TG production. Likewise, APOC3-tg and WT littermates had similar hepatic mRNA levels of lipogenic genes srebp-1c (sterol regulatory element-binding protein 1c), fas (fatty acid synthase), acc (acetyl-CoA carboxylase), pgc-1␤ (peroxisome proliferator-activated receptor ␥ coactivator 1-␤), and ppar-␥ (peroxisome proliferator-activated receptor ␥) and of genes responsible for fatty acid oxidation, including ppar-␣, cpt1 (carnitine palmitoyltransferase 1), and acox1 (acyl-coenzyme A oxidase 1).
To address whether human APOC3 transgenic production would suppress endogenous APOC3 production in the liver, we FIGURE 2. TG and lipoprotein metabolism in APOC3-tg mice after 10 months of high fat feeding. APOC3-tg and WT littermates (male, 6 weeks old, n ϭ 17/group) were fed a high fat diet for 10 months, followed by the determination of TG and lipoprotein metabolism. A, growth curves; B, fat mass and lean mass; C, plasma TG levels; D, plasma cholesterol levels; E, plasma NEFA levels. Plasma TG, cholesterol, and NEFA levels were determined in mice after 16 h of fasting. F, plasma TG distribution among lipoproteins. G, plasma cholesterol distribution among lipoproteins. Aliquots (500 l) of plasma pooled from APOC3-tg and WT littermates were fractionated by gel filtration in a FPLC system. Fractions (500 l) were eluted for the determination of TG levels (F) and cholesterol levels (G). H, fecal TG content. I, fecal cholesterol content. Feces were collected from individual mice under fed conditions during a 24-h period. Fecal lipid content was expressed as mg of TG or cholesterol/g of feces. *, p Ͻ 0.05; **, p Ͻ 0.001 versus WT. Error bars, S.E. subjected total hepatic RNA from APOC3-tg and WT mice to a real-time qRT-PCR assay. This assay did not reveal differences in mouse APOC3 mRNA levels between APOC3-tg and WT mice (supplemental Fig. 1 ). To corroborate these findings, we subjected aliquots of plasma from APOC3-tg and WT mice to a mouse-specific ApoC3 ELISA assay, demonstrating that APOC3-tg and WT mice had similar mouse APOC3 protein levels in plasma. As a control, we detected human APOC3 mRNA expression in the liver using human APOC3-specific primers, in accordance with transgenic production of human APOC3 proteins in APOC3-tg mice, as determined by humanspecific APOC3 ELISA assay (supplemental Fig. 1 ). In contrast, WT littermates had non-detectable human APOC3 mRNAs in liver and human APOC3 proteins in plasma. These results pre-cluded the possibility that human APOC3-tg production inhibits endogenous APOC3 expression in the liver of APOC3-tg mice.
Impact of APOC3 on Glucose Metabolism in Chronic Fat-fed APOC3-tg Mice-To determine the effect of APOC3 transgenic production on glucose metabolism, we determined blood glucose profiles, demonstrating that APOC3-tg and WT mice had similar blood glucose levels under both fed and fasting conditions ( Fig. 4A ). To determine postprandial glucose disposal rates, we performed intraperitoneal glucose tolerance test. APOC3-tg and WT mice had similar blood glucose profiles during the glucose tolerance test. This result was reproduced in APOC3-tg and WT mice at different months of high fat feeding (Fig. 4, B and C) . To rule out the possibility that the lack of changes in glucose tolerance in APOC3-tg mice, relative to that in WT littermates, was due to the intraperitoneal route of glucose injection, we performed an oral glucose tolerance test. Both APOC3-tg and WT groups had similar profiles of post-prandial blood glucose excursion in response to an oral bolus of glucose ( Fig. 4D) . These results were unexpected, given that APOC3-tg mice were obese and hypertriglyceridemic after 10 months of high fat feeding. We postulated that the prevailing . Glucose metabolism in high fat-fed APOC3 mice. APOC3-tg and WT littermates (male, 6 weeks old, n ϭ 7-9/group) were fed a high fat diet for 10 months, followed by the determination of glucose metabolism. A, blood glucose levels. Blood glucose levels were determined in APOC3-tg and WT littermates under fed conditions and after 16 h of fasting. B, intraperitoneal glucose tolerance test at 9 months of age. C, intraperitoneal glucose tolerance test at 11 months of age. D, oral glucose tolerance test at 11 months of age. Mice were fasted for 16 h, followed by either intraperitoneal injection or oral gavage of 2 g/kg glucose. E, glucose-stimulated insulin secretion. During the intraperitoneal glucose tolerance test, aliquots of blood (25 l) were sampled at fasting and at 15 and 30 min after glucose injection for determining basal and glucose-stimulated insulin secretion. F, HOMA-IR. HOMA-IR was calculated from fasting blood glucose and plasma insulin levels. G, plasma glucagon levels. Plasma glucagon levels were determined after 16 h of fasting in APOC3-tg and WT mice at the end of a 10-month high fat feeding. H, ex vivo glucose-stimulated insulin secretion. The amplitude of glucose-stimulated insulin secretion was defined as the amount of insulin secreted within a 30-min time window from islets normalized to total islet cell proteins in the presence of 2.8 and 20 mM glucose. *, p Ͻ 0.05; **, p Ͻ 0.001 versus WT control. Error bars, S.E. MARCH 3, 2017 • VOLUME 292 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 3697 hypertriglyceridemia provoked a compensatory increase in insulin secretion, which in turn suppressed the development of hyperglycemia and glucose intolerance in obese APOC3-tg mice. To address this hypothesis, we determined plasma insulin levels under fasting conditions and at 15 and 30 min after intraperitoneal glucose injection. We detected significant increases in basal and glucose-stimulated insulin secretion ( Fig. 4E ), in accordance with relatively higher HOMA-IR (homeostasis model for insulin resistance) levels in APOC3-tg versus WT mice (Fig. 4F) . In contrast, no significant differences in plasma glucagon levels were seen in APOC3-tg versus WT mice (Fig.  4G) . As a control, we isolated islets from high fat-fed APOC3-tg and WT mice (n ϭ 6/group). Aliquots of islets in equivalent sizes (n ϭ 50 hand-picked islets/mouse) were examined for ex vivo insulin secretion at low (2.8 mM) and high (20 mM) glucose concentrations in culture medium. APOC3-tg islets had relatively higher levels of glucose-stimulated insulin release (Fig.  4H) , although the amplitude of ex vivo glucose-stimulated insulin secretion from APOC3-tg islets did not reach a significant level when compared with control islets from WT mice.
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Impact of APOC3 on ␤-Cell Mass in Chronic Fat-fed APOC3-tg Mice-To address whether the significant induction in basal and glucose-stimulated insulin secretion was attributable to increased islet mass, we performed anti-insulin and antiglucagon immunohistochemistry on pancreas tissues retrieved from euthanized APOC3-tg and WT mice after 10 months of high fat feeding (Fig. 5, A and B) . APOC3-tg mice had significantly increased ␤-cell mass (Fig. 5C) , consistent with increased plasma insulin levels under basal and glucose-stimulated conditions (Fig. 4E) . In contrast, no significant differences in ␣-cell mass were detectable (Fig. 5D) , coinciding with the lack of changes in plasma glucagon levels in APOC3-tg versus WT mice (Fig. 4G) . Likewise, APOC3-tg and WT mice had similar pancreas weight (Fig. 5E ). Furthermore, we showed that APOC3-tg mice had significantly increased large sized islets (diameter Ն100 mm) than WT mice (Fig. 5F ).
To gain mechanistic insight into the increases in glucosestimulated insulin secretion in APOC3-tg mice, we profiled islet expression of genes whose functions are critical for insulin synthesis and secretion (Ins1 (insulin 1), Ins2, Pdx1 (pancreatic and duodenal homeobox 1), NeuroD (neurogenic differentiation factor), and FoxA2 (forkhead box A2)), insulin signaling (Irs1 (insulin receptor substrate 1) and Irs2), and ␤-cell glucose sensing (Gck (glucokinase) and Glut2 (glucose transporter 2)). We detected a significant induction in both Ins1 and Ins2 expression in APOC3-tg islets (Fig. 5G) . These effects corrected with the significant induction in islet expression of Pdx1, the key transcription factor that is responsible for promoting insulin gene expression ( Fig. 5H ). In addition, APOC3-tg islets had increased expression of Irs2 (Fig. 5H) , whose function is critical for ␤-cell function and mass regulation (47, 48) . In contrast, no significant differences were seen in Glut2 and Gck expression in islets of high fat-fed APOC3-tg mice.
Effect of APOC3 on Hepatic Inflammation in Fat-induced Obese APOC3-tg Mice-To determine the effect of APOC3 on hepatic inflammation, we performed anti-F4/80 immunohistochemistry to determine hepatic infiltration by Kupffer cells, known as resident macrophages in the liver (49) . Hepatic inflammation, accompanied by increased Kupffer cell infiltration into the liver, is a prominent pathological feature of NAFLD (50) . Anti-F4/80 immunohistochemistry in combination with morphometric analysis revealed that high fat-induced obese APOC3-tg and WT littermates had similar Kupffer cell content (Fig. 6, A-C) . We then profiled hepatic expression of inflammatory cytokines, demonstrating that hepatic mRNA levels of pro-inflammatory proteins TNF␣, IL-6, and IL-1␤ and anti-inflammatory gene IL-10 remained unchanged in APOC3-tg versus WT mice (Fig. 6D) . Likewise, no significant differences in hepatic F4/80 mRNA abundance were detected, consistent with the lack of changes in Kupffer cell content in the liver of APOC3-tg versus WT mice.
Effect of APOC3 on Hepatic Fibrosis in Fat-induced Obese APOC3-tg Mice-To determine the impact of APOC3 on hepatic fibrosis in high fat-fed APOC3 versus WT mice, we subjected liver sections to Sirius Red staining. Both APOC3-tg and WT mice exhibited relatively low levels of periportal fibrosis, as reflected in the deposition of collagen fibers in the liver. Morphometric analysis did not reveal significant differences in the degree of fibrosis between high fat-fed APOC3-tg and WT mice ( Fig. 7 , A-C). To support this finding, we determined hepatic collagen levels, demonstrating that APOC3-tg and WT mice had similar total collagen content in the liver (Fig. 7D ).
Discussion
APOC3 is a lipid-binding protein that is circulating mainly in TG-rich lipoproteins. APOC3 modulates TG metabolism via at least three distinct mechanisms: by inhibiting LPL-and HLmediated TG hydrolysis, by promoting hepatic VLDL-TG production, and by retarding hepatic uptake and clearance of TGrich lipoprotein remnants. As a result, APOC3 dysregulation is associated with abnormal TG metabolism (31, 33, (51) (52) (53) (54) (55) (56) . Notwithstanding its importance in the pathogenesis of hypertriglyceridemia, its functional contribution to NAFLD remains obscure. To unveil the direct effect of APOC3 on NAFLD, we determined hepatic lipid metabolism in APOC3-tg mice versus WT littermates. We showed that APOC3-tg mice, despite prevailing hypertriglyceridemia, were not predisposed to developing NAFLD. We recapitulated this finding in APOC3-tg mice on regular chow for 7 months, high fructose diet for 4 months, and high fat diet for up to 10 months. Although high fructose feeding and separately high fat feeding resulted in excessive fat accumulation in the liver, the degree of steatosis was indistinguishable between APOC3-tg and WT mice, as determined by liver histology in combination with quantification of hepatic fat content. This effect correlated with the lack of changes in hepatic expression of genes involved in de novo lipogenesis and fatty acid oxidation. Our data argue against the notion that APOC3 is an independent risk factor for NAFLD.
Consistent with our data are the clinical observations that two common APOC3 variants (C-482T and T-455C), which are associated with APOC3 gain of function and are linked to the inheritance of hypertriglyceridemia, are not associated with NAFLD in humans. This finding was reproducible in humans harboring either or both of the C-482T and T-455C alleles in different ethnic groups, including African Americans, European Americans, Hispanics, Southern Europeans, Italians, and
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Chinese (35, 36, 38, 57, 58) . Further physiological underpinning of the dissociation between APOC3 and NAFLD is derived from the clinical study by Zampino et al. (59) , who evaluated the genetic influence of APOC3 polymorphism on steatosis in an Italian patient population with chronic hepatitis C infection. Whereas chronic hepatitis C infection is an independent risk factor for NAFLD, this clinical study showed that neither of the two APOC3 variants, namely C-482T and T-455C, is a compounding factor for hepatitis C-elicited steatosis (59) .
APOC3 has emerged as an important regulator of TG metabolism. APOC3 is initially characterized as an inhibitor of LPL and HL, two lipases that are responsible for systemic TG clearance (12) (13) (14) . Subsequent studies unveiled that APOC3 also plays an intracellular role in regulating hepatic VLDL-TG FIGURE 5. Impact of APOC3 on ␤-cell and ␣-cell masses. APOC3-tg and WT mice (male, 6 weeks old, n ϭ 5-7/group) were fed a high fat diet for 10 months. Mice were euthanized at fasting conditions, and the pancreas tissues were subjected to dual immunohistochemistry using anti-insulin and anti-glucagon antibodies. Representative images of pancreatic islets of WT (A) and APOC3-tg (B) mice are shown. ␤-Cells were immunostained green, and ␣-cells were immunostained red. C, ␤-cell mass. D, ␣-cell mass. E, pancreas weight. The pancreas weight (mg) was normalized to body weight (g). F, islet distribution in size. Islets were scored per pancreas section and were assigned to four subgroups according to islet size, ranging in diameter from Ͻ50 to 50 -100, 100 -200, and Ͼ200 m. 3-5 nonconsecutive sections were scored per pancreas for determining the number of islets in different subgroups according to islet size. The percentage of islets in each subgroup out of total islets was calculated and compared between APOC3-tg and WT mice. G, islet expression of insulin genes. H, islet mRNA levels. Islet mRNA levels were determined by a real-time qRT-PCR assay, using 18S RNA as control. *, p Ͻ 0.05 versus WT control. Bar, 50 m. Error bars, S.E. MARCH 3, 2017 • VOLUME 292 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 3699 secretion. Yao and colleagues (18, 60, 61) showed that APOC3 is responsible for the formation of luminal lipid droplets as well as for the bulk incorporation of TG-enriched luminal lipid droplets into nascent VLDL, contributing to the expansion of TG-rich VLDL1 particles. This effect is attributable to the lipidbinding domain within the carboxyl region encompassing amino acid resides 41-79 of APOC3 protein. Genetic mutations, which perturb the carboxyl lipid-binding domain, result in loss-of-function of APOC3 in promoting the formation of TG-enriched LLD and VLDL1 secretion (18, 60, 61) . This effect ensues without changes in hepatic MTP activity, suggesting that APOC3 promotes the formation of LLD and secretion of TG-enriched large VLDL1 particles independently of MTP (18) . In keeping with these findings, we showed that APOC3-tg mice had significantly increased hepatic VLDL-TG secretion, without alterations in MTP expression in the liver. Likewise, we did not detect significant changes in hepatic APOB mRNA levels in APOC3-tg versus WT mice, consistent with the fact that APOB mRNA is constitutively expressed and APOB protein lipidation is tightly regulated by NEFA substrate availability at the co-translational level (62) . In the absence of substrates, APOB proteins undergo proteolytic degradation. In this context, we showed that APOC3-tg mice had markedly elevated NEFA levels, and this effect was exacerbated in response to high fat feeding. Our interpretation is that increased NEFA influx into the liver fueled the production of TG via fatty acid re-esterification in the liver. This effect along with APOC3-mediated induction of TG-rich LLD formation promoted hepatic VLDL-TG secretion and contributed to the removal of lipids from the liver, congruent with the lack of exacerbating effects of APOC3 on steatosis in APOC3-tg mice.
Despite hypertriglyceridemia, APOC3-tg mice had blood glucose levels similar to that in WT controls under both fed and fasting conditions. Furthermore, APOC3-tg and WT mice maintained similar postprandial blood glucose excursion in response to both intraperitoneal and oral glucose tolerance. These effects ensued despite high fat-induced steatosis in FIGURE 6. Effect of APOC3 on Kupffer cell content in the liver of high fat-fed APOC3 mice. Liver tissues were obtained from high fat-fed WT control (A) and APOC3-tg mice (B) as described in the legend to Fig. 1 . Frozen sections of liver tissues were subjected to anti-F4/80 immunohistochemistry. F4/80-positive cells (stained red) were counted and normalized to the total number of cells (nuclei stained blue by DAPI) in liver sections (C). Aliquots of liver tissues (20 mg) were used for the preparation of total RNA, which was subjected to real-time qRT-PCR for determining F4/80, TNF␣, IL-1␤, IL-6, and IL-10 mRNA levels (D). n ϭ 7-9/group. Bar, 200 m. Error bars, S.E.
FIGURE 7. Effect of APOC3 on hepatic fibrosis in high fat-fed APOC3 mice.
Liver tissues were derived from high fat-fed WT control (A) and APOC3-tg mice (B) as described in the legend to Fig. 1 . Paraffin sections of liver tissues were subjected to Sirius Red staining for collagen. The Sirius Red-positive area in non-consecutive sections was determined by morphometric analysis (C). Aliquots of liver tissues were subject to a collagen assay for determining hepatic collagen content (D), expressed as g of collagen/g of total liver protein. n ϭ 7-9/group. Bar, 200 m. Error bars, S.E. APOC3-tg and WT mice. Of particular significance, we showed that high fat-induced obese APOC3-tg mice had increased basal and glucose-stimulated insulin secretion, which were attributable to a compensatory increase in ␤-cell mass in APOC3-tg mice. As a result, hypertriglyceridemic APOC3-tg mice, despite fat-elicited steatosis and insulin resistance, were able to maintain normal blood glucose metabolism. Consistent with our data are clinical observations that human subjects with genetic APOC3 variants exhibit hypertriglyceridemia without displaying altered glucose metabolism (35, 38, 57) .
␤-Cell compensation is an adaptive mechanism by which ␤-cells increase insulin secretion to overcome insulin resistance in peripheral tissues for maintaining euglycemia in the body. ␤-Cell compensation culminates in ␤-cell mass expansion, increased insulin synthesis and secretion, or enhanced glucose sensing in islets. To gain mechanistic insight into ␤-cell compensation in APOC3-tg mice, we showed that APOC3-tg islets had increased expression of key genes involved in ␤-cell insulin synthesis and secretion, including the insulin genes Ins1 and Ins2 and Pdx1. APOC3-tg islets also had significantly increased expression of Irs2, whose product is required for promoting ␤-cell compensation for insulin resistance in obesity (48, 63) . At present, we do not know the mechanism underlying the induction of ␤-cell compensation in APOC3-transgenic mice. However, we do know that such a compensatory induction in ␤-cell mass and function did not take place in APOC3-tg mice under regular chow (64) but ensued in response to overnutrition in APOC3-transgenic mice. These results suggest that hypertriglyceridemia does not directly stimulate ␤-cell mass expansion in the absence of insulin resistance but acts as an accessory factor for amplifying the effect of overnutrition on ␤-cell compensation for insulin resistance in APOC3-tg mice. Further investigation is required for dissecting the molecular basis that connects hypertriglyceridemia to ␤-cell compensation in diet-induced obese APOC3-tg mice.
It is noteworthy that our data deviate partly from Lee et al. (34) , who examined the effect of APOC3 on steatosis in human APOC3-tg mice. In their study, APOC3-tg mice were fed a high fat diet with 55% calories from fat obtained from Harlan Teklad. In our study, we fed APOC3-tg mice a high fat diet with 60% calories from fat purchased from Research Diet Inc. Overall, their and our results were in agreement with respect to the lack of changes in weight gain, fat mass, plasma lipid profiles, and blood glucose levels, with a discrepancy in hepatic TG content in APOC3-tg versus WT mice. They detected about 30% higher mean TG content in the liver of APOC3-tg mice following 12 weeks of high fat feeding. In contrast, we showed that although both groups develop fat-induced steatosis, no significant differences were detectable in hepatic TG and cholesterol contents between APOC3-tg and WT littermates after 4-and 10-month high fat feeding, respectively. We recapitulated this finding in APOC3-tg and WT littermates on a high fructose diet, a feeding condition that is conducive to the development of steatosis. APOC3 failed to aggravate high fructose-induced steatosis. Aside from the difference in diets from different vendors, one variable for the inconsistency is the duration of high fat feeding. It is possible that a 30% increase in hepatic fat content is due to the acute effect of APOC3 overproduction on hepatic lipid metabolism in APOC3-tg mice following 12-week high fat feeding in their studies (34) . Another variable that could account for the apparent discrepancy in the score of steatosis in APOC3-tg versus WT mice between their and our studies is the experimental conditions. Although their and our APOC3-tg mice were derived originally from the same transgenic line (22) , those APOC3-tg mice were maintained as separate colonies in different animal facilities, a confounding factor that might contribute to the discrepancy. Indeed, they showed that high fatfed APOC3-tg mice were associated with chronic inflammation, as evidenced by marked induction of pro-inflammatory cytokine TNF-␣ production (34) . In contrast, we demonstrated that high fat-fed APOC3-tg and WT mice had similar hepatic expression profiles of pro-inflammatory cytokines IL-1␤, IL-6, and TNF-␣ and anti-inflammatory cytokine IL-10, in accordance with the lack of changes in Kupffer cell content in the liver of APOC3-tg versus WT mice.
In conclusion, we have provided compelling evidence that APOC3, which is culpable for hypertriglyceridemia, is not a compounding factor for the pathogenesis of NAFLD in high fat-fed APOC3-tg mice. Although APOC3 is being targeted for the development of anti-hypertriglyceridemia therapy for reducing the cardiovascular risk (31, 32) , cautions must be exercised for applying such therapy in patients with established NAFLD. Given its intracellular role in facilitating VLDL-TG assembly and secretion (18 -21) , APOC3 is probably an ill target for therapeutic intervention of NAFLD. Selective APOC3 inhibition may impair hepatic VLDL-TG secretion, resulting in excessive fat accumulation in the liver. Indeed, APOC3 deficiency is associated with diet-induced steatosis, obesity, and insulin resistance in APOC3 knock-out mice (39) . Further research is warranted to determine whether chronic APOC3 inhibition for lowering plasma TG levels is inadvertently coupled with an increased risk of developing NAFLD.
Experimental Procedures
Animal Studies-Transgenic mice expressing human APOC3 (APOC3-tg) from its endogenous promoter were originally described previously (22, 65, 66) . We obtained the APOC3 transgenic line G1 with relatively higher levels of APOC3 transgenic production. We maintained this APOC3 transgenic line in C57BL/6J genetic background in the animal facility of Children's Hospital of Pittsburgh of UPMC (64, 66) . We crossed male APOC3-tg mice with female wild-type mice. The resulting APOC-tg progenies, which are uniformly heterozygous in terms of the human APOC3 transgene, were used in this study. Mice were fed standard rodent chow and water ad libitum in sterile cages with a 12-h light/dark cycle in a pathogen-free barrier facility. For fructose feeding, mice were fed a high fructose diet containing 60% fructose (w/w) (Dyets, Bethlehem, PA), as described (40) . To induce obesity, APOC3-tg mice and WT littermates were fed a high fat diet (fat content, 60 kcal%, Research Diets Inc., New Brunswick, NJ). For blood chemistry, mice were fasted for 16 h, and tail vein blood was sampled. Blood glucose levels were measured, using Glucometer Elite (Bayer, IN). Plasma insulin levels were determined, using the ultrasensitive mouse insulin enzyme-linked immunosorbent assay (ALPCO, Windham, NH). The homeostasis model for insulin resistance (HOMA-IR) was determined by multiplying fasting blood glucose (mmol/liter) and fasting plasma insulin (IU/ml) levels, divided by 22.5. Plasma levels of TG and cholesterol were determined using Thermo Infinity TG and cholesterol reagents (ThermoFisher Scientific, Middletown, VA). Plasma NEFA levels were determined using the Wako NEFA assay kit (Wako Chemical USA, Richmond, VA). Mice were euthanized under non-fasting conditions to collect liver tissues for analysis. All procedures were approved by the institutional animal care and use committee of the University of Pittsburgh.
VLDL-TG Production Assay-Mice were fasted for 16 h, followed by intraperitoneal injection of tyloxapol (1 g/kg; Sigma-Aldrich) to inhibit systemic TG clearance. Aliquots of tail vein blood were taken at different times for determining plasma TG levels. VLDL-TG production rates were defined as the amount of hepatic TG produced per unit time, as described (46) .
Fat Tolerance Test-Mice were fasted for 16 h, followed by an oral bolus of olive oil (10 l/g). Aliquots of blood (25 l) were taken from the tail vein at different times for determining plasma TG, as described (51) .
Glucose Tolerance Test-Mice were fasted for 16 h, followed by intraperitoneal injection of glucose (2 g/kg) or oral gavage of glucose (2 g/kg). Blood glucose levels were determined before and at different times after glucose administration.
Fat Mass Determination-Fat and lean masses of mice were determined using the EchoMRI-100 system (Echo Medical Systems, Houston, TX).
Islet Isolation-Mice were euthanized, followed by pancreatic intraductal infusion of 3 ml of cold Hanks' buffer containing 1.95 mg/ml collagenase-V (Sigma). The pancreas was procured for islet isolation, as described (47) .
Ex Vivo Glucose-stimulated Insulin Secretion-Aliquots of islets (n ϭ 50) equivalent in size between APOC3-tg and WT mice (n ϭ 6/group) were cultured in RPMI 1640 medium overnight, followed by incubation in Kreb buffer containing 2.8 or 20 mM glucose for 30 min. Aliquots (50 l) of conditioned medium were collected for determining insulin concentrations. Medium insulin levels were normalized to total cellular proteins of islets used in the assay.
RNA Isolation and Real-time qRT-PCR-Total RNA was prepared from the liver or islets using TRIzol reagent (Invitrogen). Real-time qRT-PCR was used for quantifying mRNA concentrations using the Roche LightCycler-RNA amplification kit (Roche Diagnostics), as described (46) . As tabulated in supplemental Table 2 , all primers were obtained commercially from Integrated DNA Technologies (Coralville, IA).
Liver Histology-Liver tissues were embedded in the Histoprep tissue-embedding medium and snap-frozen. Frozen sections (6 m in thickness) were cut and stained with hematoxylin and eosin. For visualizing lipid in the liver, frozen sections were stained with Oil Red O, followed by counterstaining with hematoxylin. For detecting fibrosis in the liver, paraffin sections were stained with Sirius Red using the Picro Sirius Red Stain Kit (Abcam, Cambridge, MA).
FPLC Fractionation of Lipoproteins-Aliquots (500 l) of plasma pooled from APOC3-tg mice and control littermates were applied to two head-to-tail linked Tricorn high performance Superose S-6 10/300GL columns using an FPLC system (GE Healthcare), followed by elution with PBS at a constant flow rate of 0.25 ml/min. Fractions (500 l) were eluted for determining TG and cholesterol levels, as described (46, 51) .
Hepatic TG Content-Liver tissues (20 mg) were homogenized in 400 l of HPLC grade acetone. After incubation with agitation at room temperature overnight, aliquots (50 l) of acetone-extracted lipid suspension were used for determining TG concentration, using the Infinity triglyceride reagent (Ther-moFisher Scientific). Hepatic TG content was defined as mg of TG/g of total liver proteins.
Hepatic Cholesterol Content-Liver tissues (20 mg) were homogenized in 400 l of hexane/isopropyl alcohol (3:2 in volume). After incubation with agitation at room temperature overnight, aliquots (50 l) of hexane/isopropyl alcohol-extracted cholesterol suspension were used for determining cholesterol concentration, using the Infinity cholesterol reagent (ThermoFisher Scientific). Hepatic cholesterol content was defined as mg of cholesterol/g of total liver proteins.
Hepatic Collagen Content-Liver tissues (10 mg) were homogenized in 100 l of H 2 O. The homogenates were mixed with 100 l of 12 M HCl, followed by incubation at 120°C for 3 h for acid hydrolysis. Aliquots of the hydrolyzed samples (20 l) were subjected to a collagen assay, using the colorimetric Collagen Assay Kit (BioVision, Milpitas, CA).
APOC3 Assay-Plasma APOC3 levels were determined, using APOC3 ELISA kits that are species-specific for human APOC3 protein (catalog no. ab154131, Abcam) and for mouse APOC3 protein (catalog no. MBS944394, MyBio-Source), respectively.
Fecal Lipid Content-Feces were collected from individual mice during a 24-h period under fed conditions. Aliquots of feces (150 mg) were homogenized in 500 l of HPLC grade acetone, followed by incubation with agitation at room temperature overnight. Fecal TG content, defined as mg of TG/g of feces, was determined in acetone-extract lipid suspension, using the Infinity triglyceride reagent (ThermoFisher Scientific). Likewise, aliquots of feces (150 mg) were homogenized in 500 l of hexane/isopropyl alcohol (3:2 in volume). After incubation with agitation at room temperature overnight, aliquots (50 l) of hexane/isopropyl alcohol-extracted fecal suspension were used for determining fecal cholesterol content, defined as mg of cholesterol/g of feces.
Immunohistochemistry-Liver tissues were fixed in 4% paraformaldehyde and cryopreserved in 30% sucrose. Frozen sections (6 m) were subjected to immunohistochemistry using rat anti-F4/80 antibody (Invitrogen) and Cy3-conjugated donkey anti-rat IgG (Jackson ImmunoResearch Laboratories). The nuclei of cells were stained with DAPI (Sigma-Aldrich) before fluorescent microscopy.
␤-Cell and ␣-Cell Masses-Mice were euthanized, and the pancreas was subjected to immunohistochemistry, using guinea pig anti-insulin (DAKO; 1:300) and mouse anti-glucagon (Sigma, catalog no. G2654; 1:500). The second antibodies were Cy2-conjugated donkey anti-guinea pig IgG and Cy3-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories). The nuclei of cells were stained with DAPI (Sigma) before immunofluorescent microscopy. Digital images of pancreas sections immunostained by anti-insulin or anti-glucagon antibody were subjected to morphometric analysis, using MetaMorph image analysis software (Molecular Devices, Downingtown, PA). ␤-cell area/total pancreas area/section was determined in 3-5 non-consecutive sections for determining ␤-cell mass, as described (46) . Likewise, ␣-cell mass was determined in APOC3-tg and WT groups.
Immunoblot Analysis-Aliquots of plasma at a fixed concentration of 15 g of proteins/lane were applied to 4 -20% SDSpolyacrylamide gels. After electrophoresis, the gels were subjected to an immunoblot assay, using polyclonal anti-APOC3 antibody (catalog no. ab55984; Abcam). This anti-APOC3 antibody cross-reacted with both human and mouse APOC3 proteins, allowing us to determine total plasma APOC3 proteins in APOC3-tg mice. As control, we used polyclonal goat anti-albumin antibody (catalog no. ab19194; Abcam).
Statistics-Statistics of data were analyzed by Student's t test and were further validated by an analysis of variance post hoc test, using JMP statistics software (Cary, NC). Data are expressed as means Ϯ S.E. p values of Ͻ0.05 were considered statistically significant.
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